1. Introduction {#sec1-metabolites-10-00312}
===============

Glucose is a universal fuel for the energy metabolism and biological synthesis pathways of all animal cell types \[[@B1-metabolites-10-00312]\]. In dairy cattle, dietary carbohydrates provide a major source of energy for maintenance, growth, and production. Animal cells require glucose for oxidative and non-oxidative, adenosine triphosphate (ATP) production, and for anabolic reactions that produce various vital sugars \[[@B2-metabolites-10-00312]\]. Several cell types and tissues such as the brain, red blood cells, kidney, and mammary tissues have the utmost need for glucose as a substrate \[[@B3-metabolites-10-00312]\]. Therefore, glucose is an essential fuel for all the organisms and it needs to be permanently available at an adequate level in the blood. Glucose is the main precursor for lactose synthesis and is therefore required in large amounts by lactating dairy cows to cover the milk demand. Milk yield largely depends on the synthesis of mammary lactose because of its osmoregulatory function for mammary water uptake. Therefore, the glucose supply to the mammary tissues is a critical regulator for milk synthesis \[[@B4-metabolites-10-00312]\]. Because of its hydrophilic nature, glucose cannot penetrate the lipid bi-layer, hence, to facilitate the diffusion of glucose along the concentration gradient, specific carrier proteins are required \[[@B5-metabolites-10-00312]\]. Thus, glucose is absorbed by the mammary epithelial cells through a passive process, encouraged by the downward glucose concentration gradient through the plasma membrane \[[@B6-metabolites-10-00312]\].

Glucose uptake is arbitrated by the family of facilitative glucose transporters (GLUTs) and sodium-glucose co-transporters (SGLTs). This facilitative glucose transporters family is further divided into three classes. Class I (e.g., GLUT1) is responsible for basal levels of glucose uptake and is present in all types of cells. Class II, such as GLUT10, has a high chemical attraction for glucose, while class III (e.g., GLUT5) is responsible for fructose uptake \[[@B7-metabolites-10-00312]\]. The intestinal uptake of glucose is mainly in two steps: firstly, the absorption of glucose and galactose is done by the apical brush border which is carried out by the sodium-dependent glucose co-transporter1 (SGLT1) while uptake of fructose is mediated by the GLUT5, secondly, diffusion of glucose, fructose and galactose from the intestine to the blood capillaries is facilitated by the GLUT2 and, in humans, also by GLUT5 \[[@B8-metabolites-10-00312]\].

Climate change threatens the survivability of animal species, ecosystems, and the keeping up of livestock production systems around the world, especially in countries with subtropical climatic conditions \[[@B9-metabolites-10-00312]\]. Heat stress provokes acclamatory responses which are essential in the preservation of cell survival. Physiological responses to heat stress are reduced feed intake, elevated rectal temperature, respiration rate, and heart rate \[[@B10-metabolites-10-00312]\]. Hormonal changes like thyroxin, tri-iodothyronine, cortisol, and insulin are particularly accountable for the change toward glucose and energetic metabolism \[[@B11-metabolites-10-00312]\]. Biochemical change includes changes in various antioxidants, enzymes, and metabolites like blood glucose level, while hematological response includes changes in hematocrit value, hemoglobin concentration, and erythrocyte number \[[@B12-metabolites-10-00312]\]. Molecular changes in the gene expression of heat shock proteins \[[@B13-metabolites-10-00312]\] and reshuffles in amino acid concentration and skeletal muscle metabolism bears major consequences for the heat stress effect on dairy cattle \[[@B11-metabolites-10-00312]\]. All these physiological, biochemical, and molecular responses make the animal survive in a harsh and stressful environment \[[@B14-metabolites-10-00312]\]. The study performed in mice showed that heart glucose level changes as a response to heat stress within a different period (12 and 24 h) of exposure to heat stress \[[@B15-metabolites-10-00312]\]. Besides, the study performed in chicken revealed that the apical glucose absorption in the jejunum is elevated to compensate for the glucose level in blood during heat stress \[[@B16-metabolites-10-00312]\]. Different breeds of dairy cows experience significant changes in blood chemistry besides milk production, rectal temperature, and respiratory rate \[[@B17-metabolites-10-00312]\]. Various studies performed regarding the effect of heat stress on glucose level in the last decade show a significant decrease in blood glucose in dairy cattle \[[@B18-metabolites-10-00312],[@B19-metabolites-10-00312],[@B20-metabolites-10-00312]\]. Moreover, dairy goat also shows a significant decrease in the whole-body turnover of glucose under heat stress \[[@B21-metabolites-10-00312]\]. This alteration in glucose is due to the acclamatory adaptations to heat stress, which include reduced feed intake along with a metabolic reshuffle governed by hormonal changes. During heat stress the insulin level increases that suppresses the glucose level and non-esterified fatty acids (NEFA) by its antilipolytic activity, thus disturbing the energetic state of the cow and ultimately affecting the milk production. Moreover, the glucose level is also governed by the tissue-specific glucose transporters like GLUTs. Since GLUTs are responsible for the glucose absorption, the distribution of glucose has been significantly affected in various studies by heat stress \[[@B22-metabolites-10-00312],[@B23-metabolites-10-00312]\]. Considering the metabolism of glucose and the role of GLUTs in glucose transportation under heat stress, the importance and role of GLUTs in coping with heat stress is of immense importance. Therefore, this review aims to give an understanding of the systemic glucose metabolism under normal and heat-stressed conditions as well as the role of facilitative glucose transporters in these procedures in dairy cattle. This review also gives up-to-date information about the structural, functional, and molecular characterization of the glucose transporters in cattle and its possible role in heat tolerance.

2. Physiology of Glucose Metabolism {#sec2-metabolites-10-00312}
===================================

Tissues depends on energy substrates like carbohydrates, which are carried within the plasma to be absorbed by various tissues and organs according to their requirements. In contrast to other nutrients, the product of lipolysis, NEFA, and tri-acylglycerols, are sustained within tight limits in dairy animals. Understanding glucose synthesis and metabolism, nutritional glucose accessibility, and the process of gluconeogenesis in the maintenance of glucose homeostasis is of utmost importance for the operation of the production and quality of agricultural foods \[[@B24-metabolites-10-00312]\]. Glucose is mainly synthesized from feed, from hepatic glucogenesis, or mobilization of glycogen warehoused inside the body \[[@B25-metabolites-10-00312]\]. Ruminal microorganisms are gifted for the digestion of fibrous feed that enables them to eat and partially digest plant cellulose and hemicellulose, which results in the formation of fatty acids, propionate, acetate, and butyrate \[[@B2-metabolites-10-00312]\]. Thus, glucose is then re-synthesized in the liver from these volatile fatty acids (VFAs) as well as amino acids and glycerol by using a process called gluconeogenesis ([Figure 1](#metabolites-10-00312-f001){ref-type="fig"}). Hence, gluconeogenesis is extremely important to ruminants because it provides 75% and 90% of the total glucose needs in neonatal and adult ruminants, respectively \[[@B26-metabolites-10-00312]\].

3. Regulation of Lactose (Milk Glucose) in Dairy Cattle {#sec3-metabolites-10-00312}
=======================================================

Glucose supply in the lactating dairy cow is very essential due to its demands for milk synthesis. The mammary gland lacks glucose-6-phosphatase enzyme, therefore it cannot synthesize glucose by itself from other precursors \[[@B27-metabolites-10-00312]\]. Thus, the mammary tissue relies on the blood glucose supply for milk synthesis; 72 g of glucose is needed to produce one kilogram of milk \[[@B28-metabolites-10-00312]\]. During the transition period, the high-yielding dairy cows are put to the challenge of acquiring more energy for increased milk production as well as maintenance \[[@B29-metabolites-10-00312]\]. High-energy metabolism activities commence after parturition in the portal-drained viscera (PDV), which together with high liver glucose, meet the lactation demands \[[@B30-metabolites-10-00312]\]. During this period of higher mammary activity, liver energy disposal is higher than PDV output, reflecting higher energy consumption by non-PDV organs. However, as lactation proceeds, splanchnic flux became more positive (high-energy disposal of liver subsidies), probably representing the return of feed-derived lactate being diverted towards body energy reserves as fat \[[@B31-metabolites-10-00312]\]. Splanchnic circulation is the blood flow from celiac and mesenteric arteries towards abdominal organs. It receives about 25% of the heart blood output and thus maintains a constant percentage of the blood volume under normal conditions \[[@B32-metabolites-10-00312]\]. The increase in demands for energy can be partially fulfilled by increased feed utilization, but is limited because of low dry matter intake and a decrease in appetite during the transition period as well as during heat stress, and thus tends to stimulate mobilization of body reserves \[[@B11-metabolites-10-00312],[@B31-metabolites-10-00312]\]. In the high-milk-yielding cows, the mammary glucose uptake accounts for nearly all of the glucose supply, proposing a smaller amount of glucose for other body tissues \[[@B33-metabolites-10-00312]\]. Beside lactose synthesis, glucose also has a prominent effect on the mammary cell viability and proliferation that shows a very close relationship between blood glucose and lactose regulation \[[@B34-metabolites-10-00312]\].

4. Heat Stress Effect on Glucose Metabolism {#sec4-metabolites-10-00312}
===========================================

When the core body temperature of animals exceeds the range specified for normal activities, it provokes the acclamatory response to neutralize the effect of heat stress, resulting in significant changes in the blood metabolites and glucose level \[[@B35-metabolites-10-00312],[@B36-metabolites-10-00312]\]. Although changes in the body glucose level depend on the intensity and the duration of heat stress, acute heat stress did not affect the glucose concentration in broiler and rats \[[@B37-metabolites-10-00312],[@B38-metabolites-10-00312]\], while chronic heat stress decreased circulating glucose levels in bulls \[[@B39-metabolites-10-00312]\], cows \[[@B40-metabolites-10-00312]\], and broilers \[[@B37-metabolites-10-00312]\]. Therefore, it is evident that the change in the body glucose level depends on the intensity and the duration of heat stress. In dairy cattle, alterations in body glucose during heat stress are due to the reduced feed intake and energy (carbohydrates) balance, pushing the cow to enter an energy de-stabilized condition, and this is independent of the lactation stage, essentially due to reduced feed intake and energetic metabolism modulation \[[@B41-metabolites-10-00312],[@B42-metabolites-10-00312]\].

Despite reduced feed intake, the heat-stressed animal shows post-absorptive changes in glucose level that are independent of the energetic status of the animal \[[@B11-metabolites-10-00312],[@B41-metabolites-10-00312]\]. The alteration in postabsorptive carbohydrate metabolism is due to the increase in basal- and glucose-stimulated insulin levels \[[@B19-metabolites-10-00312],[@B43-metabolites-10-00312]\]. The reasons for increased insulin level are not yet clearly understood, but they are probably protective and adaptive in nature \[[@B41-metabolites-10-00312]\]. These include the activation and up-regulation of HSPs, hyperprolactinemia, high intracellular concentration of Ca^+^, immune response toward endotoxin (LPS), and oxidative stress \[[@B44-metabolites-10-00312],[@B45-metabolites-10-00312]\]. Glucose regulation is not only governed by the insulin, as there are several insulin-independent glucose transporters (GLUTs) that show distinct affinities for glucose, e.g., heat stress upregulated in vitro GLUT1 \[[@B46-metabolites-10-00312]\].

4.1. Decreased Feed Intake and Negative Energy Balance {#sec4dot1-metabolites-10-00312}
------------------------------------------------------

Heat stress has a direct adverse effect on the appetite center of the brain, reducing feed intake. To reduce internal heat production, animal reduce feed intake, and thus less heat needs to be dissipated \[[@B41-metabolites-10-00312]\]. In high-yielding cows, high feed intakes and milk production make them more susceptible to heat stress than the low-yielding cows. To compensate for the reduction in feed intake and heat stress, the animal uses the internal body reservoirs to support the maintenance and production \[[@B47-metabolites-10-00312]\]. Moreover, the maintenance requirements of the animal increase by 30% in heat-stressed dairy animals \[[@B9-metabolites-10-00312]\]. The reduction in feed intake, increased maintenance cost, and sustaining milk production lead heat-stressed cows to experience negative energy balance (NEBAL), and thus jeopardize the animal's production, reproduction, and health \[[@B41-metabolites-10-00312],[@B48-metabolites-10-00312]\]. In terms of production losses, reduced feed intake is responsible for decreases of milk of up to 35% in lactating cows \[[@B18-metabolites-10-00312]\], while another study showed a 50% decrease in milk production due to the reduced feed intake during heat stress. This decrease in milk production is due to the feed-intake-dependent and -independent post-absorptive changes in glucose uptake due to heat stress \[[@B19-metabolites-10-00312]\]. Furthermore, oxidative stress and hypoxia due to the blood flow redistribution toward the periphery during heat stress cause leaky gut, and thus the entry of LPS in the blood through intestinal barrier impairment causes endotoxemia. This triggers the immune response, which needs more energy in the form of glucose, and thus glucose sparing for milk production is affected.

4.2. Heat Stress Effect on Ruminal and Intestinal Glucose Processing {#sec4dot2-metabolites-10-00312}
--------------------------------------------------------------------

In ruminants, the main source of carbohydrate is the feed containing cellulose, hemicellulose obtained from the fibrous feed, and starch from the grains \[[@B49-metabolites-10-00312]\], which is disturbed due to the low feed intake under heat stress to avoid heat production by digestion and metabolism \[[@B50-metabolites-10-00312]\]. During heat stress, a large amount of blood flows toward the periphery to dissipate heat, thus decreasing gastrointestinal uptake of glucose, and also the VFAs accumulate in the rumen, which lowers the pH. The amount of saliva that is normally deposited to the rumen decreases because of increased droll, which thus decreases rumen pH, and compromises rumen health by increasing rumen acidity \[[@B51-metabolites-10-00312]\]. Disturbances in rumen health due to heat stress significantly decrease total VFAs, acetic acids, and propionic acid formation, which are the main contributors to glucose production \[[@B52-metabolites-10-00312]\]. In short, the rumen inappropriate function due to the heat stress is a main contributor to the decrease in whole-body glucose.

4.3. Liver Metabolism of Glucose under Heat Stress {#sec4dot3-metabolites-10-00312}
--------------------------------------------------

The liver plays an important role in glucose homeostasis by producing glucose from ruminal propionate, muscle tissue amino acids, and adipose tissue contribution of glycerol using a process called gluconeogenesis under normal conditions \[[@B25-metabolites-10-00312]\]. As mentioned earlier, heat stress encourages a reduction in feed intake that lowers the whole-body glucose, thus enhancing the anaerobic glycolysis in the liver by upregulating the lactate and pyruvate concentration to overcome the NEBAL situation produced by reduced feed intake under heat stress \[[@B53-metabolites-10-00312]\]. In the same study, the level of amino acids is decreased in the heat stress group, indicating the increased conversion of these metabolites into glucose to stabilize glucose homeostasis and energy supply during NEBAL in dairy cows \[[@B18-metabolites-10-00312]\]. However, this increase in liver glucose synthesis may not be enough to compensate for the whole-body reduction in glucose during heat stress \[[@B11-metabolites-10-00312]\]. Decreased growth hormone (Somatotropins) and IGF-II are typical to heat stress and alter the feed intake of cows \[[@B54-metabolites-10-00312]\]. Similarly, the GH receptor abundance is reduced in the liver, which, combined with low *IGF-I* mRNA abundance, defines the alterations in feed intake and gluconeogenesis \[[@B18-metabolites-10-00312],[@B54-metabolites-10-00312]\], liver and mammary tissues' contribution to milk yield decline, and acquiring acclamatory homeostasis, under heat stress \[[@B55-metabolites-10-00312]\].

4.4. Adipose Tissues Contribution to Glucose Metabolism under Heat Stress {#sec4dot4-metabolites-10-00312}
-------------------------------------------------------------------------

Adipose plays an important role in the production of glucose by the liver during the glucose-deficient state; NEFA acts as a metabolic substrate to regulate glucose that is indirectly governed by the insulin \[[@B56-metabolites-10-00312]\]. Normally, during NEBAL, because of the transition period or malnourished state NEFA are exported from adipose tissue by sending the lipolytic response to β-adrenergic that inhibit blood insulin and induce systemic insulin, which triggers lipolysis and inhibit glucose utilization \[[@B57-metabolites-10-00312]\]. However, during heat stress this phenomenon is completely opposite because the basal plasma NEFA concentration is reduced in cattle. Insulin shows a potent antilipolytic activity, and that is why heat-stressed animals lack the mobilization of adipose and triglycerides \[[@B11-metabolites-10-00312],[@B58-metabolites-10-00312]\]. Heat stress induces the lipo-protein lipase instead of mobilizing NEFA, suggesting triglycerides' anabolism. Limited adipose tissue utilization during heat stress suggests the prevention to employ the glucose sparing mechanism for the milk production and skeletal muscle activities \[[@B59-metabolites-10-00312]\]. This avoiding of adipose mobilization and increased glucose expenditure is probably a strategy to reduce heat production due to metabolic activities \[[@B41-metabolites-10-00312]\]. The deficiency of NEFA for oxidative purposes is paired with the decrease in VFAs' availability, leaving glucose and amino acids as the available sources of oxidative substrates. Thus, glucose is utilized as the main oxidative fuel in heat-stressed animals \[[@B59-metabolites-10-00312]\]. From the above discussion, it is clear that the adipose metabolism is characterized by low NEFA response due to high insulin activity, exuberating the existing NEBAL, thereby jeopardizing the health, welfare, and production of heat-stressed cows.

4.5. Nexus of Protein and Glucose Metabolism under Heat Stress {#sec4dot5-metabolites-10-00312}
--------------------------------------------------------------

Skeletal muscle is the main source of amino acids as well as stored glycogen that is recycled by the liver for the glucose supply to support lactation under thermo-neutral conditions. As the muscle has a reduced ability to oxidize fatty acids, it presumably depends on circulating and stored glucose for its energy requirements. Evidence suggested that the protein catabolism elevates as a result of increased use of body fat during heat stress which alleviates the glucose deficiency to some extent, as the glycogenic amino acids provide energy through the tri-carboxylic acid (TCA) cycle or by gluconeogenesis \[[@B60-metabolites-10-00312]\]. The regulation of pyruvate entry to the TCA cycle plays a major role to favor lactate and pyruvate-alanine flux to hepatic gluconeogenesis \[[@B60-metabolites-10-00312],[@B61-metabolites-10-00312]\]. Heat stress exerts a major effect on the amino acid metabolism, resulting in an increased mobilization of skeletal muscle protein \[[@B19-metabolites-10-00312]\]. During heat stress reduction in milk, changes in protein mobilization suggest that more amino acids are required for the glucose production through the liver to support immune function and energy needs rather than milk production \[[@B36-metabolites-10-00312]\]. Therefore, during heat stress, the muscle protein catabolism is increased, which seems to fulfill the amino acid availability for the hepatic glucose production instead of the direct oxidation \[[@B62-metabolites-10-00312]\]. Metabonomic investigation revealed that heat stress lowers the blood glucose, but increases the pyruvate and lactate along with the activity of the lactate dehydrogenase \[[@B63-metabolites-10-00312]\]. High insulin activity and amino acid catabolism in gluconeogenesis causes changes in blood amino acids \[[@B64-metabolites-10-00312]\], while, at the same time, a decrease in milk protein content was observed during heat stress \[[@B36-metabolites-10-00312]\]. High variations in the hemoglobulin, packed cell volume, glucose, total protein, and albumin level have been observed in the plasma of thermal exposure individuals \[[@B65-metabolites-10-00312]\]. Muscle anabolism and nucleic acid synthesis biomarkers are affected \[[@B66-metabolites-10-00312]\]; markers of protein catabolism such as plasma nitrogen, 3-methyl-histidine, and creatine increases \[[@B67-metabolites-10-00312]\], while blood lysine levels are also shown to decrease under heat stress. Milk composition analysis of heat stress cow shows the alterations to alpha and beta-casein levels \[[@B36-metabolites-10-00312]\]. It is clear that muscle catabolism supports gluconeogenesis \[[@B62-metabolites-10-00312]\], therefore muscle catabolism during heat stress leads to the deterioration of milk quality and quantity \[[@B66-metabolites-10-00312]\].

5. Lactose Regulation under Heat Stress {#sec5-metabolites-10-00312}
=======================================

Dairy animals require glucose to form milk lactose, thus lactose production is the primary osmo-regulator as well as a determinant of milk yield \[[@B51-metabolites-10-00312]\]. Mammary utilization of glucose and long-chain fatty acids are suggested to be the main contributor to milk volume and mammary efficiency respectively \[[@B28-metabolites-10-00312]\]. To generate less metabolic heat during heat stress conditions, the skeletal muscle still appears to consume glucose at an increasing rate. As a result, the mammary gland does not utilize enough glucose which results in decreased mammary lactose production as well as milk yield. This may be the primary mechanism and is responsible for the extra reduction in milk yield that cannot be explained by reduced feed intake \[[@B51-metabolites-10-00312]\]. However, milk glucose (lactose) is significantly affected by the heat stress and the obtained values for the percentage of lactose varied (4.45 ± 0.54% in spring versus 4.03 ± 0.24% in the summer period in dairy cattle \[[@B68-metabolites-10-00312]\]. Different studies performed in dairy cattle revealed that heat stress significantly decreases the blood glucose level as well as lactose (milk glucose) that is accountable for the decreased milk production ([Table 1](#metabolites-10-00312-t001){ref-type="table"}). Whole-body turnover of blood glucose in dairy goats was significantly down-regulated as a result of both moderate and severe heat exposure \[[@B21-metabolites-10-00312]\]. Under the influence of heat stress, blood glucose declines despite the increase in the intestinal glucose absorptive capacity \[[@B16-metabolites-10-00312]\], the elevation of the renal glucose re-absorptive capacity \[[@B69-metabolites-10-00312]\], and the increased liver glucose output \[[@B70-metabolites-10-00312]\]. The increased glucose pool entry combined with the low blood glucose might suggest an increased rate of glucose parting the circulating blood pool. Thus, glucose becomes the preferred fuel of heat-stressed animals.

6. Facilitative Glucose Transporters (GLUTs) {#sec6-metabolites-10-00312}
============================================

The transportation of glucose through the plasma membrane is governed by the two well-known processes named as passive---that is, an energy-independent process regulated by the facilitated glucose transporters family (GLUTS) encoded by the *SLC2A* genes. The second type of transportation is active and energy-dependent coursed by the sodium-dependent glucose transporters family (SGLTs) encoded by the *SLC5A* genes \[[@B72-metabolites-10-00312]\].

Furthermore, the GLUTs family is comprised of three classes: Class I includes GLUT1, GLUT4, GLUT3, and GLUT2, that are 65, 66, and 54% matching in bovine, respectively. Class II includes GLUT9, GLUT11, and GLUT5 (fructose transporters), and are 56% and 43% alike, respectively. Class III contains GLUT6, GLUT8, GLUT10, GLUT12, and H^+^-myo-inositol co-transporter (HMIT), with a similarity of 43, 63, 26, and 29% in their amino acid sequence, respectively, as shown in the [Figure 2](#metabolites-10-00312-f002){ref-type="fig"} \[[@B73-metabolites-10-00312]\].

The GLUTs family (solute carriers; gene symbol *SLC2A*) comprises proteins that facilitate the absorption of glucose (and other sugars) through the plasma membrane in an energy-independent process \[[@B74-metabolites-10-00312]\]. Each GLUTs protein includes 12 trans-membrane-spanning domains with intracellular carboxy and amino termini, as shown in [Figure 3](#metabolites-10-00312-f003){ref-type="fig"}. Inhibitors, e.g., phloretin, phlorizin, and cytochalasin B, can efficiently block the diffusion of glucose by these proteins \[[@B75-metabolites-10-00312]\].

These proteins are expressed in certain ways in tissues and cells that exhibit unique dynamics and regulatory characteristics, reflecting their specific functional roles \[[@B72-metabolites-10-00312]\]. Each GLUTs plays a definite role in metabolic activities, depending on its tissue- and substrate-specific expression in various biological conditions \[[@B8-metabolites-10-00312]\]. The additional genomic information along with the tissue localization and functional characteristics of the GLUTs family are summarized in [Table 2](#metabolites-10-00312-t002){ref-type="table"}.

7. Heat Stress Effect on Facilitative Glucose Transporters (GLUTs) Family {#sec7-metabolites-10-00312}
=========================================================================

The increase in ambient temperature provokes kind of adaptations, like alterations in protein synthesis, which may be due to plasma amino acid concentration and a lower energy supply. \[[@B87-metabolites-10-00312]\]. This compensation to energy level activates many proteins, including glucose transporters as well. In chickens, heat stress has shown a pronounced effect on the expression of GLUTs family proteins, e.g., GLUT1 was significantly downregulated in the ileum, while the expression of GLUT5 and GLUT10 was upregulated in chicken ileum in the heat-stressed group compared to the thermoneutral group ([Table 3](#metabolites-10-00312-t003){ref-type="table"}) \[[@B22-metabolites-10-00312]\]. The expression of GLUT1 is reciprocal to the circulating glucose level within the body \[[@B88-metabolites-10-00312]\], also, during heat stress, the plasma glucose level increases, which tends to decrease the GLUT1 expression \[[@B89-metabolites-10-00312]\]. The facilitative glucose transporter like GLUT5 is accountable for the absorption of glucose and fructose from the intestine, while GLUT10 is responsible for the uptake of glucose, dehydroascorbic acid, and galactose in the brain, lungs, heart, kidney, pancreas and skeletal muscles. GLUT10 increases the supply of dehydroascorbic acid to the mitochondria, causing a reduction in reactive oxygen species (ROS) level during heat stress; the increase in expression is to increase the supply of ascorbic acid \[[@B90-metabolites-10-00312]\]. Another study performed in broiler chicken showed that heat stress down-regulates the expression of GLUT2 glucose transporter \[[@B89-metabolites-10-00312]\]. However, in contrast to chicken, heat stress increases the intestinal expression of GLUT2 protein in pigs \[[@B91-metabolites-10-00312]\]. The expression of GLUT4 under heat stress was studied in many tissues including the liver and muscle of growing pigs that favored higher expression of GLUT4 under heat stress \[[@B92-metabolites-10-00312]\]. The glucose transporter SLC2A3 (GLUT3) gene has been studied in cultured Sertoli cells of boar under heat stress that show increased mRNA expression of the *SLC2A3* gene \[[@B93-metabolites-10-00312]\]. A comparison study of the expression of HSP70 and GLUT1 in Indian buffaloes showed a significant increase in GLUT1 protein under heat stress \[[@B23-metabolites-10-00312]\].

The energy compensatory mechanisms under the influence of heat stress are homeostatic in the early phase, characterized by physiological modifications that are themselves energy-intensive and requires glucose combustion in enormous quantities \[[@B94-metabolites-10-00312],[@B95-metabolites-10-00312]\]. However, increasing the influence of heat stress debilitates the dissipation capability of the dairy cows, and a series of acclamatory responses commence which are homeorhetic in nature. These homeorhetic responses are truly endocrine and molecular in nature \[[@B10-metabolites-10-00312]\], as also indicated in the aforementioned discussion of various species, where glucose transporters are modulated at various levels under the influence of heat stress. Here, we want to mention that the digestive system can be disturbed by the heat stress \[[@B96-metabolites-10-00312],[@B97-metabolites-10-00312]\], which has consequences for energetic metabolism and absorption \[[@B98-metabolites-10-00312]\], physiological integrity \[[@B99-metabolites-10-00312]\], and possible immune system repercussions \[[@B100-metabolites-10-00312]\]. All these alterations can constitute additional energy transport \[[@B91-metabolites-10-00312]\], availability \[[@B101-metabolites-10-00312]\], and expenditure \[[@B44-metabolites-10-00312]\], and underlying this modulation of energy dynamics is very important in this context under the influence of heat stress. The field of molecular study pertaining to the glucose transporters has largely been neglected among dairy cattle, and indeed many studies have mentioned this as a potential venue of future research towards the understanding of energetic metabolism under the influence of the ever-increasing constraint of heat stress regarding dairy production \[[@B11-metabolites-10-00312],[@B41-metabolites-10-00312]\].

8. Polymorphism in Facilitative Glucose Transporters (GLUTs) Bringing Sustainable Improvements in Energy Dynamics in Dairy Cattle {#sec8-metabolites-10-00312}
=================================================================================================================================

The identification of genetic markers and quantitative trait loci related to improvements in energy status and production under heat stress will surely form the basis of genomic selection for thermal tolerance \[[@B11-metabolites-10-00312]\]. The identification of such valuable markers requires certain appropriate phenotypes so that accurate genetic effects can be predicted \[[@B102-metabolites-10-00312]\]. In the above discussion, we referenced some important studies which have predicted the differential level of expression of certain metabolites, amino acids, and hormones \[[@B36-metabolites-10-00312],[@B53-metabolites-10-00312],[@B103-metabolites-10-00312]\] that can be regularly recorded as phenotypes for the individual energetic metabolic status among dairy cows. Milk fats and protein level and composition are the additional parameters indicative of heat stress and energetic metabolism, and could be focused on as measurable phenotypes. Besides convenient milking line measurements, milk temperature measurement as the reliable substitute for the individual dairy cow body temperature offers additional benefits in this regard \[[@B104-metabolites-10-00312]\]. Combining physiological manifestations of dairy cattle under heat stress, novel relevant phenotype measurements \[[@B105-metabolites-10-00312]\], and the integration of molecular techniques \[[@B102-metabolites-10-00312]\] could make the journey towards thermo-tolerance more achievable.

The genetic polymorphism in *SLC2A* family genes can alter the gene expression or functions of glucose transporter proteins. Thus, they may have consequences for the energy homeostasis of the animal, and glucose supply alterations towards the mammary gland can affect milk yield. Additionally, DNA sequence variations in the GLUT1 encoded gene in humans have been identified as related to the development of certain disease like diabetes or cancer \[[@B106-metabolites-10-00312],[@B107-metabolites-10-00312]\]. A lot of next-generation studies have accumulated hundreds of SNPs in genetic databases related to GLUTs family encoding genes. The drawback is that these SNPs have not been validated with other methods and their association with production or functional traits remains to be elucidated. A study found six SNPs in exons and intronic regions, which were significantly associated with milk traits in dairy cattle. \[[@B108-metabolites-10-00312]\]. The molecular dynamics of glucose transporters and their complex interactions with the endocrine system at different levels and biological conditions are a way forward in the understanding of this subject in dairy cattle. Discovering functional polymorphisms in the bovine facilitative glucose transporter genes, strong genetic effects related to the level of glucose and other markers of energetic metabolites combined with relevant phenotypes, constitute future avenue in this context.

9. Mitigation Strategies towards Heat Stress and Its Consequences {#sec9-metabolites-10-00312}
=================================================================

Heat stress is a major factor that can negatively affect milk production \[[@B109-metabolites-10-00312]\], as well as nutrient supply for the reproduction and to maintain the health of the cow \[[@B48-metabolites-10-00312]\]. In this scenario, mitigation approaches are required to reduce the severity of the heat stress effects on dairy production. Short-term mitigation strategies include improved nutrition and proper herd management. While long-term strategies are achieving adaptability towards heat stress and development of thermo-tolerance through selective breeding \[[@B11-metabolites-10-00312]\].

Dairy cows' response towards heat stress is variable based upon the differences in breed, production, location, housing, and husbandry practices, to name a few \[[@B110-metabolites-10-00312],[@B111-metabolites-10-00312],[@B112-metabolites-10-00312]\]. In this context, the actual prediction of heat stress load on cattle is of paramount importance \[[@B113-metabolites-10-00312]\]. Temperature-Humidity Index (THI) is a widely accepted criterion of heat stress measurement, while generally cows experience heat stress at 25 °C. However, recently researchers are focusing THI calculation at the most ambient level, considering the actual micro-climates around cows. This approach of THI evaluation, combined with the physiological parameters of heat stress, is essential to depict the actual heat stress magnitude of cows \[[@B114-metabolites-10-00312]\]. By this way, managers can monitor heat stress events and design appropriate housing and husbandry to attain heat stress abatement through appropriate cooling, management, and nutrition support aids \[[@B110-metabolites-10-00312]\]. Additionally, the aforementioned proper heat stress assessment strategies would also help to identify the thermo-tolerant individual cows.

As increased milk production is positively correlated to both dry matter intake and subsequent metabolic heat production \[[@B112-metabolites-10-00312]\], nutrition support decisions are important. In the presence of many alterations to the digestive physiology and profound NEBAL, the importance of nutritional strategies of heat stress abatement is two-fold \[[@B11-metabolites-10-00312]\]. The adverse effects of heat stress stemming from reduced feed intake and alterations in gastrointestinal can be manipulated by the interventions in cattle nutrition \[[@B50-metabolites-10-00312]\]. Feed supplements like multi-vitamins, minerals, and essential amino acids are recognized as helpful in maintaining rumen function, improve the immune system \[[@B115-metabolites-10-00312]\] and milk production during heat stress \[[@B116-metabolites-10-00312],[@B117-metabolites-10-00312],[@B118-metabolites-10-00312]\]. It is well documented that heat stress reduces feed intake which negatively influencing nutrient absorption and affecting the immune system as well as the immune response \[[@B119-metabolites-10-00312]\]. Energy-rich diets \[[@B120-metabolites-10-00312]\], dietary fats \[[@B121-metabolites-10-00312],[@B122-metabolites-10-00312]\], and rumen degradable proteins \[[@B123-metabolites-10-00312]\], are important primary feeding stuffs to be cared for, while dietary yeasts \[[@B124-metabolites-10-00312]\], fermentates, betaine \[[@B125-metabolites-10-00312]\], and Dietary Cation--Anion Difference \[[@B126-metabolites-10-00312]\] feeding would augment the constrained gastrointestinal tract and the metabolic status of dairy cows under heat stress. Among the many other adverse effects of heat stress and energy-rich diets is ruminal acidosis, which could be overcome by feeding bicarbonates \[[@B11-metabolites-10-00312]\]. Amino acids like propionate supplementation have been shown to improve energy metabolism status and milk yield as it is the primary source of glucose production \[[@B127-metabolites-10-00312]\]. Multivitamins like vit-B complex, vit-C, vit-E, and Niacin and Nicotinic acid improve the immune system as well as being helpful in maintaining general health during heat stress \[[@B128-metabolites-10-00312]\]. Minerals supplementation such as Mn, Zn, Mo, P, and Se are proven to improve metabolic status as well as the health of the dairy cows \[[@B118-metabolites-10-00312]\]. Ionophores and Monensin have shown a positive effect on production parameters as well as energetic metabolism during heat stress \[[@B20-metabolites-10-00312],[@B129-metabolites-10-00312]\].

In order to secure dairy production under the influence of ever-increasing events of heat stress, sustainable long-term mitigation strategies include achieving thermo-tolerance among dairy cows. Modern data collection technologies of heat stress and activity monitoring give a huge amount of data that could be used for modeling to identify thermo-tolerant cows \[[@B105-metabolites-10-00312],[@B130-metabolites-10-00312],[@B131-metabolites-10-00312]\]. Crossbreeding with thermo-tolerant animals, preferably within the breed, is a way forward in this context \[[@B132-metabolites-10-00312],[@B133-metabolites-10-00312]\]. The basic idea of thermo-tolerance breeding includes identification of thermally adapted cows \[[@B105-metabolites-10-00312]\], with due consideration to the relevant phenotype \[[@B102-metabolites-10-00312]\], and thus, having thermo-tolerant cows with good adaptability towards the challenge of heat stress conditions \[[@B94-metabolites-10-00312]\]. The detection of genetic markers associated with improved energy metabolism and production would provide the basis for the thermo-tolerance capability of dairy cattle \[[@B11-metabolites-10-00312]\] and help in understanding the biological mechanisms of thermo-tolerance \[[@B102-metabolites-10-00312]\], such as differential expression of certain genes, metabolites, amino acids, and hormones \[[@B53-metabolites-10-00312],[@B61-metabolites-10-00312]\]. This obtained information can thereby be used for the identification of genes and genomic regions along with associated phenotype measurements responsible for thermo-tolerance, that can be ultimately used in genomic selection \[[@B102-metabolites-10-00312]\]. In short, regarding the physiological response of cattle under heat stress, the identification of novel related phenotypes \[[@B105-metabolites-10-00312]\], and integration of molecular technique \[[@B102-metabolites-10-00312]\] can make permanent, cumulative, and cost-effective breeding for thermo-tolerance possible.

10. Conclusions {#sec10-metabolites-10-00312}
===============

Glucose is a major fuel for the body functions as well as milk production and is regulated according to the metabolic changes governed by high insulin level and tissue-specific glucose transporters GLUTs during heat stress. Glucose transport dynamics, reciprocal relationships, and modulation under heat stress, together with relevant phenotypes assessment, need to be explored in detail. Few studies have been carried out in terms of heat stress effect on glucose and glucose transporters in dairy cattle and the discovery of relevant biomarkers. Therefore, this review gave an understanding of the previous relevant literature and the use of those tools and approaches to carry out a systemic study of glucose level, GLUTs and heat stress nexus. In order to further the progress towards sustainable dairy production under heat stress, the application of proper mitigation strategies is of the utmost importance. Heat stress assessment, adequate cooling measures, and nutrition support decisions with additional feed supplements are the short-term mitigation approaches. Moreover, the identification of genetic markers associated to energetic metabolism and production could lead to long-term adaptation to heat stress. GLUTs have a certain role in this context and the encoding *SLC2A* family of genes has a moderate variability reported, and opens a promising avenue to confer improved energetic status and contribute to thermo-tolerance in dairy cattle.

Z.A. and Q.X. conceived the idea and outlined the sketch. Z.A. wrote the initial manuscript, A.S. assisted in the literature collection and modification of the manuscript. H.F. and L.H. assisted in figures. Q.X. and Y.W. revised the final draft and made the corrections. All authors have read and agreed to the published version of the manuscript.

This work was supported by the following projects: Research Fund for International Young Scientists by the National Natural Science Foundation of China (Grant Number: 31750110459), China Agriculture Research System (CARS-36), and the Program for Changjiang Scholar and Innovation Research Team in University (IRT_15R62).

Authors declare that they have no competing interests. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

![Glucose metabolism under normal and heat-stressed conditions in cattle.](metabolites-10-00312-g001){#metabolites-10-00312-f001}
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metabolites-10-00312-t001_Table 1

###### 

The effect of heat stress on the blood glucose, milk lactose, and milk yield in dairy animals.

  Specie   Glucose Level HS/TNZ   Milk Lactose HS/TNZ   Milk Yield HS/TNZ     *p*-Value     Reference
  -------- ---------------------- --------------------- --------------------- ------------- ---------------------------------
  Cow      6.3 mg/L ↓             0.12% ↓               6.65 kg ↓             *p* \< 0.05   \[[@B19-metabolites-10-00312]\]
  Cow      3.15 mg/L ↓            0.06% ↓               5.25 kg ↓             *p* \< 0.05   \[[@B20-metabolites-10-00312]\]
  Cow      6.5 mg/dL ↓            0.14% ↓               7.5 kg ↓              *p* \< 0.05   \[[@B18-metabolites-10-00312]\]
  Cow      \-\-\-\-\--            0.42% ↓               3.14 kg ↓             *p* \< 0.05   \[[@B68-metabolites-10-00312]\]
  Goat     202 µmol ↓             11% ↓                 11--13% ↓ (0.21 kg)   *p* \< 0.05   \[[@B71-metabolites-10-00312]\]

HS (heat-stressed), TNZ (thermo-neutral zone), mg/dL (milligram per deciliter), µmol (Micro molar).

metabolites-10-00312-t002_Table 2

###### 

Genomic information, tissue localization, and functional characteristics of facilitative glucose transporter (GLUTs) family members.

  Protein   Gene         Chr. Location   Exon No.   Accession No   Protein Size   Main Tissue Localization   Functional Characteristics                                                                                     References                                                  
  --------- ------------ --------------- ---------- -------------- -------------- -------------------------- -------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------------------------------------
  GLUT1     *SLC2A1*     Chr.3           10         NC_037330.1    NP_777027.1    492 aa                     Mammary gland, kidney, brain, omental fat, skeletal muscle, bovine follicle, bovine ovary, and corpus luteum   Basal glucose transport across blood tissue barriers        \[[@B76-metabolites-10-00312],[@B77-metabolites-10-00312]\]
  GLUT2     *SLC2A2*     Chr.1           11         NC_037328.1    NP_001096692   510 aa                     Small intestine, liver, Islets, kidney, and jejunal region                                                     Glucose (low affinity)                                      \[[@B78-metabolites-10-00312],[@B79-metabolites-10-00312]\]
  GLUT3     *SLC2A3*     Chr.5           11         NC_037332.1    NP_777028      494 aa                     Bovine ovary, follicles, corpus luteum, and brain.                                                             Glucose (high affinity                                      \[[@B80-metabolites-10-00312]\]
  GLUT4     *SLC2A4*     Chr.19          11         NC_037346.1    NP_777029      509 aa                     Heart, muscle, brain and adipose tissue                                                                        Transport of glucose in all insulin-responsive tissues      \[[@B78-metabolites-10-00312]\]
  GLUT5     *SLC2A5*     Chr.14          13         NC_037341.1    NP_001094512   501 aa                     Small intestine, testes, kidney, muscle, brain and adipose tissue                                              Fructose (high affinity), glucose (low affinity)            \[[@B79-metabolites-10-00312],[@B80-metabolites-10-00312],[@B81-metabolites-10-00312]\]
  GLUT6     *SLC2A6*     Chr.11          10         NC_037338.1    NP_001073725   507 aa                     Brain, spleen, and peripheral leukocytes.                                                                      not determined                                               
  GLUT8     *SLC2A8*     Chr.11          10         NC_037338.1    NP_963286      478 aa                     Mammary gland, testis, kidney, intestinal epithelia, skeletal muscle, blastocyst and liver                     Insulin-responsive transport in blastocyst                  \[[@B82-metabolites-10-00312]\]
  GLUT9     *SLC2A9*     Chr.6           18         NC_037333.1    XP_002688502   506 aa                     Kidney and liver                                                                                               not determined                                              \[[@B5-metabolites-10-00312]\]
  GLUT 10   *SLC2A 10*   Chr.13          5          NC_037340.1    NP_001179368   536 aa                     Liver and pancreas                                                                                             not determined                                              \[[@B83-metabolites-10-00312]\]
  GLUT 11   *SLC2A 11*   Chr.17          12         NC_037344.1    NP_001180026   496 aa                     Heart, muscle (short form) liver, lung, trachea, and brain (long form).                                        Glucose (low affinity), transport of fructose (long form)   \[[@B84-metabolites-10-00312]\]
  GLUT 12   *SLC2A 12*   Chr.9           7          NC_037336.1    NP_001011683   621 aa                     Skeletal muscle, spleen, kidney, testes, mammary gland, liver, lung, and intestine                             Insulin-dependent glucose uptake in mammary gland           \[[@B85-metabolites-10-00312]\]
  HMIT      *SLC2A 13*   Chr.5           10         NC_037332.1    NP_001179892   648 aa                     Brain                                                                                                          H^+^/myo-inositol transporter                               \[[@B86-metabolites-10-00312]\]

metabolites-10-00312-t003_Table 3

###### 

mRNA expression of *SLC2A* genes in different animals and tissue under heat stress.

  Protein   Gene        Animals    Tissue          mRNA Expression   Reference
  --------- ----------- ---------- --------------- ----------------- ---------------------------------
                        Buffalos   Blood           Up-regulated      \[[@B23-metabolites-10-00312]\]
  GLUT1     *SLC2A1*    Chicken    Intestine       Down-regulated    \[[@B22-metabolites-10-00312]\]
                        Chicken    Intestine       Down-regulated    \[[@B89-metabolites-10-00312]\]
  GLUT2     *SLC2A2*    Pigs       Intestine       Up-regulated      \[[@B91-metabolites-10-00312]\]
  GLUT3     *SLC2A3*    Boar       Sertoli cells   Down-regulated    \[[@B93-metabolites-10-00312]\]
  GLUT4     *SLC2A4*    Pigs       Liver, Muscle   Up-regulated      \[[@B92-metabolites-10-00312]\]
  GLUT5     *SLC2A5*    Chicken    Intestine       Up-regulated      \[[@B22-metabolites-10-00312]\]
  GLUT10    *SLC2A10*   Chicken    Intestine       Up-regulated      \[[@B22-metabolites-10-00312]\]
